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Verifying the capacity of different types of air filters to stop the propagation of the SARS-CoV-2 virus has become
a strategic element to contain viral spreading in enclosed spaces. This paper shows the results of experimental
tests about the capacity of different commercial filter grades to stop SARS-CoV-2 propagation using inactivated
virions. In the first test, the obtained results showed that the F8 filter blocks SARS-CoV-2 propagation if it en-
counters a flow devoid of liquid phase, i.e., a biphasic flow that can wet the filtering material. On the contrary, as
shown in the second test, the SARS-CoV-2 virus propagates through the F8 filter if the droplet content in the air
flow is enough to wet it. In these operational conditions, i.e., when the filter is wet by a flow with a high droplet

content, the absolute H14 filter was also shown to fail to stop the transmission of the SARS-CoV-2 virus. Lastly, in
the third test, the viral load was shown to be stopped when the pathway of the infected droplet is blocked.

1. Introduction

Prevention, protection and treatment are essential elements in a
welfare system that aims to ensure people’s health and safety. The
containment strategy applied during the COVID-19 pandemic, particu-
larly in the early stages, included the adoption of prevention strategies
based on non-pharmaceutical interventions, such as lockdown measures
of varying degrees of strictness and duration. The health crisis associated
with the COVID-19 pandemic therefore also transformed into an eco-
nomic and social crisis [1-6]. While it is true that vaccination and the
development of medical treatments are the solution to the spreading of
the pandemic, it is equally true that, in the pandemic spread phase, no
completely appropriate prevention and protection systems other than
lockdowns were applied. To develop alternative systems, a good
knowledge of the mechanisms underlying infection among people would
have been required.

As an example, the hypothesis that being in enclosed spaces and
carrying out activities there could increase the chances of contagion
spreading was investigated by the scientific community [7,8]. It is
believed that more than one outbreak originated in confined spaces: call
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centers [9], restaurants [10], buses [11,12], churches [13], meat pro-
cessing plants [14] are but a few examples [15]. Although trade asso-
ciations have published protocols and guidelines for the correct use of
air conditioning facilities [16-18], having numerous people carry out
activities in confined spaces was generically classified as "at risk",
without developing tools for the quantification or control of such risk.

One of the proposed solutions to minimize risk, if ventilation is not
possible [19], is the use of high efficiency filters [20] or, preferably,
High Efficiency Particulate Air (HEPA) filters. In compliance with ISO
29463-1 [21], HEPA filters guarantee a filtering efficiency equal to or
above 99.95% of particles in the 0.1-0.3 pm range. The lower limit
overlaps with the diameter of the SARS-CoV-2 virion, which is between
60 nm and 150 nm [22]. However, as it is not possible to install these
filters in all existing systems, other solutions have been recommended,
such as the adoption of filters that are at least class F8 (EN 779-2012), i.
e., filters with an average 95% filtering efficiency for particles with a 0.4
pm aerodynamic diameter. However, even if some assumptions exist in
the literature [23,24], the experimental validation is still awaited.

To investigate the performance of different filters’ grade against
SARS-CoV-2 is a very challenging task. In fact, even though the
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efficiency of commercial filters is known and measured by standardized
tests, the conditions that verify when installed in real world are difficult
to be simulated in experimental tests. First of all, since SARS-CoV-2 vi-
rions are emitted through droplets by infected subjects, droplets size
distribution should be reproduced to simulate the emission source.
Unfortunately, no agreement exists in the literature [25]. Secondly,
since droplets are liquid and not solid particles, evaporation should also
be considered in the experimental modelling to take into account of the
mass transfer phenomenon that depends on a lot of parameters such as,
but not limited to, air temperature and humidity. Despite dedicated
research programs are expected to cover these gaps, no time is now
available. A definitive answer on the capability of commercial filters to
stop or not the SARS-CoV-2 propagation is required by the community as
soon as possible.

Trying to give an answer, some authors simply hypothesized the
capacity of HEPA filters to stop the propagation based on the nominal
performance of the filters and on the size of SARS-CoV-2 virions
[26-30]. Others carried out tests to assess the efficacy of the filters but
used bacteria or viruses that were not SARS-CoV-2. Among them [31],
tested four types of filters for residential application, i.e., MERVS5,
MERV12, MERV13 and MERV14 (ANSI/ASHRAE 52.2-2012) which
correspond, respectively, to G4, M6, F7 and F8 filters (EN 779-2012),
using MS2, a single-strand RNA bacteriophage virus with a diameter
of 27 nm. They found that the highest efficiency filter, MERV14, effec-
tively blocks viral particles. [32] tested the efficacy of air purifiers with
HEPA14 filters in removing viral content in infected aerosol. The
reduction in viral concentration at the device exit was found to be of
between 99.9974 and 99.9999%. In this case as well, the virus used was
not SARS-CoV-2 but the phiX174 bacteriophage, a single-strand DNA
virus with a diameter of approximately 30 nm. In both cases, the aero-
dynamic diameter of the virus (of the viral particle) was below that of
the SARS-CoV-2 virus. In the past other researchers have been interested
in investigating the capacity of filters against viruses and bacteria. [33]
firstly described and applied a method to check the efficacy of HEPA
filters against infected aerosols. Specifically, in their tests, they used the
bacteriophage T1 (a virus with 0.1 pm average diameter) and Bacillus
subtilis (a black-pigmented bacterium with a 1 pm average diameter),
and found that the filters’ protection against submicron aerosols was
excellent. [34] tested the efficacy of commercial HEPA filters in terms of
removal of the Stremptomyces virginiae bacterium (average diameter: 50
nm) from the air in the standard conditions of a white room. They found
the filters’ efficiency was above 99.996%. [35] tested two filter con-
figurations (EU6 + EU9 and EU6 + S, in compliance with DIN 24185 and
DIN 24184, which correspond, respectively, to M6 + F9 and M6 + H13)
to assess the efficacy in relation to the minute virus of mice (MVM), which
has an average diameter between 22 and 26 nm. The test results
confirmed the efficacy of both filter configurations. [36] checked the
efficacy of MERV14 filters (which correspond to F8 filters), used for
sampling viruses and bacteria. They used Bacillus anthracis (length: 3-5
pm, width: 1-1.2 pm), SARS coronavirus (average diameter between 50
nm and 80 nm), the Respiratory Syncytial Virus (average diameter be-
tween 150 nm and 250 nm) and the Smallpox virus (average diameter:
200 nm). Specifically, the capture efficiency for Bacillus anthracis was
96.5% =+ 1.5%, while no data was provided by the authors for the viruses
because no viable pathogens were detected in the section downstream of
the filter. [37] checked the performance of filters normally used for
sampling viruses and bacteria with a diameter in the 10-900 nm range.
Lastly, [38] tested the combination of G4 + F9 filters and the M6, F8-F9
filters in terms of efficacy against aerosols infected with six different
pathogens: Equine Arteritis Virus (AEV) (average diameter between 40
nm and 60 nm), Staphylococcus aureus (average diameter between 0.5
pm and 1.5 pm), Porcine Reproductive and Respiratory Syndrome Virus
(PRSSV) (average diameter approximately 60 nm), Bovine Enterovirus 1
(BEV) (average diameter between 25 nm and 30 nm), Actinobacillus
pleuropneumoniae (APP) (maximum width: approximately 0.5 pm,
length: 1.4 pm) and Mycoplasma hyorhinis (average diameter
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approximately 450 nm). However, these research activities were not
performed during a pandemic emergency.

To identify the best strategy against SARS-CoV-2 propagation, the
local public transport company, TPER (Trasporto Passeggeri Emilia
Romagna) S.p.A., funded and supported a research program aimed at
providing guidelines for prevention and control measures in public
transport settings in the context of SARS-CoV-2 infection. Among the
activity, since several questions were raised by the community about the
ability of air filters to stop or not SARS-CoV-2 propagation, an answer
based on scientific evidence was quickly required.

This piece of scientific evidence would have a considerable impact
also on other activities carried out in enclosed spaces. As reported by
(Wenke et al., 2017) and in (REHVA, 2020), HEPA filters cannot always
be installed in existing air conditioning systems, either because of size
issues or of running costs. This makes it particularly important to un-
derstand whether the SARS-CoV-2 virus can or cannot be stopped by
commercial filters less performing than HEPA filters.

Given these premises, this paper includes the results obtained during
a number of experimental tests to validate if cabin air filters and air
filters of the G4, M5, F8 and H14 type can stop SARS-CoV-2 propagation.
Since the tests were performed during the second pandemic wave
(November-December 2020), they were carried out in the Regional
Reference Centre for Microbiological Emergencies (CRREM), Microbi-
ology Unit of the IRCCS Policlinico di Sant’Orsola research hospital. The
tests used SARS-CoV-2 as pathogen. Because there are no standard
protocols in the literature, in addition to the experimental results, this
paper describes the methodology developed to carry out the tests safely
and the equipment designed and built by the Industrial Engineering
Department (DIN) of the University of Bologna.

2. Materials and methods
2.1. Description of the experimental device

To execute the tests, an experimental device was designed and built
to be used in a Biosafety Level-3 (BLS-3) laboratory with controlled
access in the CRREM laboratory. The device is made up of two main
elements: i) a tunnel with multiple filtering stations, and ii) a vacuum
pump. The tunnel and pump are connected by a flexible hose supplied by
the pump’s manufacturer, with attachment points and needle valve to
regulate flow. After testing, the tunnel was kept at lower pressure for the
purpose of: i) preventing the release of hazardous substances into the
environment during testing, and ii) avoiding any leaks of lubricating oil
from the pump which would unavoidably occur if the device were
pressurised. Specifically, the chosen pump’s characteristics are listed in
Table 1. The material chosen to build the device structure was poly-
vinylchloride (PVC).

Two configurations were created for the small-scale testing device.

The first configuration is shown in the diagram in Fig. 1, while Fig. 2
is a photo of it. The air, extracted by the vacuum pump, first encounters
the solution containing inactivated SARS-CoV-2 in the section marked as
"A". To that end, in this section, a mesh was included, so that the solution
containing the inactivated virus can be deposited safely using a syringe
(Fig. 3). In this configuration, the viral solution can be "launched" onto
the downstream filters. The use of a syringe for the introduction of the
inactivated SARS-CoV-2 solution was favoured over a spray to minimize

Table 1

Vacuum pump’s nominal characteristics.
Characteristic Value
Nominal flow rate, [liter/min] 30
Final vacuum, [mbar] 0.005
Electrical power, [kW] 0.18
Electrical voltage, [V] 220-240
Weight, [kg] 5
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Fig. 1. Schematic drawing of the test bench for testing seven filters.

Fig. 2. The test device ready for use.

the risks related to the possible formation and release of aerosols from
the tunnel during testing. Additionally, at the tunnel entrance, a
specifically-designed collar was installed to provide the operator with
extra protection (Fig. 3).

With regard to Fig. 4, downstream of section A (the first section the
contaminated flow encounters), the flow inside the tunnel passes
through, in sequence, seven filtering stations, each with increasing
filtering efficiency, labelled in Fig. 4 with numbers 1 to 7: the efficiency
of the filters installed in section number 7 is greater than of that installed
in section number 6 and so on for upstream sections. Each filtering
station was made by connecting two bolted flanges. Additionally, an O-
ring and two rubber sealing washers were included to prevent the entry
of external air into the tunnel. The filters described below were installed
in stations 1 to 7. In positions 1 to 3, the filters installed were cabin air
filters, of the sort used in air conditioning units in TPER S.p.A. vehicles.
These filters (provided by the transport company) are installed on
approximately 80% of their fleet. A polyester fiber filter (similar in
structure to the previous filters) was installed in position 4. Greater ef-
ficiency filters were installed in positions 5 and 6, i.e., an F8 filter
(compliant with EN 779) and a H14 filter (compliant with EN 1822-1).
An absolute filter made of high purity quartz microfiber was installed in
position 7 to block any residual SARS-CoV-2 that had not been captured
by the upstream filters.

The sequence of the first configuration, related to Figs. 2 and 4, is:

- Filter 1: Expanded polyurethane filter installed in the transport
company’s vehicles

- Filter 2: Pleated filter installed in TPER vehicles

- Filter 3: Pleated filter installed in TPER vehicles

- Filter 4: EN 779 compliant polyester fiber G4 filter

- Filter 5: EN 779 compliant F8 fine filter

Fig. 3. A detail of the aqueous solution’s entry point and of the protec-
tive collar.

- Filter 6: EN 1822-1 compliant high efficiency H14 filter
- Filter 7: Absolute filter

An exit duct with a second absolute filter was installed downstream
of the pump, as shown in Fig. 5. In this case as well - as applied to the
filter in position 7 - the aim is to guarantee extra safety, i.e., to prevent
any accidental release of SARS-CoV-2 downstream of the pump,
including through the release of the pump’s (contaminated) lubricating
oil.

The second configuration of the testing device is shown in Fig. 6. This
configuration was used to validate the results obtained from the previ-
ous test and to test the filters that gave a negative result in two different
operational conditions. Specifically, the "tunnel", i.e., the multi-stage
filtering set, designed and built after analyzing the results of the first
test, included a series of just two filtering stations, containing the F8 and
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Fig. 4. The first tunnel to be built for the experimental campaign.

Fig. 6. The second tunnel, which was built to validate the results of the
first test.
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H14 filters. The station containing the absolute filter was inserted
downstream of these filters.

With regard to Fig. 6, downstream of section A (which was not
changed), the flow inside the tunnel passes through, in sequence, three
filtering stations, each with increasing filtering efficiency, labelled with
numbers 1 to 3, built as in the first configuration. The following filters
were installed: the F8 filter in station 1 and the H14 filter in station 2.
Lastly, for the same reason that applies to configuration 1, the absolute
filter was positioned in station 3, which here is the device’s last filtering
station before the vacuum pump. In this case as well, downstream of the
pump, the exit duct was protected by a second absolute filter, as shown
in Fig. 5.

The sequence of the second configuration, related to Fig. 6, is:

- Filter 1: EN 779 compliant F8 fine filter
- Filter 2: EN 1822-1 compliant high efficiency H14 filter
- Filter 3: Absolute filter

2.2. Description of the experimental tests

The three tests described below were performed in the experimental
campaign. Before discussing the applied methodology, it is important to
specify that: i) the duration of the tests was limited to less than 1 h (more
or less half an hour), and ii) the injection of the solution containing
inactivated SARS-CoV-2 in the testing device was very quick when the
tests were started.

2.2.1. First test

Configuration 1 was used in the first test (Fig. 1). After switching on
the vacuum pump at the beginning of the test, the solution containing
inactivated SARS-CoV-2 was injected (via syringe) on the metal mesh in
the station labelled "A" in Fig. 4. Referring to Figs. 2 and 7, the air,
extracted by the vacuum pump, enters the tunnel and comes into contact
with the solution in station A, which is launched in the axial direction.
The air flow, which is at room temperature and relative humidity when
entering the system, after the evaporation of the liquid solution (at the
same temperature as the air in the room), undergoes an isenthalpic
process that leads to saturation, i.e., its relative humidity (RH) reaches
100%, with temperature drop to the dew point. The tunnel therefore was
maintained operational (with air extraction) for the time needed for the
viral solution injected inside to evaporate completely. Lastly, to ensure
the correct introduction of the droplets inside the tunnel, the device was
tilted during the test, as shown in Fig. 7.

2.2.2. Second test

The second configuration was used in the second test (Fig. 6). In
station A, the metal mesh onto which the viral solution was positioned in
the first test is replaced by a demister, onto which the viral solution is
inserted, using a syringe, in an axial direction. The purpose of the
demister is to ensure the homogeneous distribution of the liquid in the
entry section. Compared to the first test, a different procedure was used,
which is shown schematically in Figs. 8-10. Referring to the pictures,
immediately after introducing the infected solution in the aspiration
section (Fig. 8), uncontaminated water was injected between sections 2
and 3, i.e., between the H14 filter and the absolute filter, in order to wet
their surfaces (Fig. 9). The tunnel was then moved to a vertical position,
with the aspiration section on top, so that the infected liquid (injected
into the demister in position A) could percolate towards the next sec-
tions (Fig. 10). The aim of the second test was to simulate a filter in a
humidity-oversaturated environment, i.e., in the same conditions that
would occur if it were reached by enough droplets to wet it.

2.2.3. Third test

The second configuration was used in the third test (Fig. 6). Station A
was prepared as shown in Fig. 11. Specifically, the fluid (radially
inserted from above using an insulin syringe) percolated through the
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Fig. 7. Configuration and positioning implemented during the first test. The test bench was kept in a slightly inclined position during the experimental test to ensure

the droplets moved in from the top to the bottom.
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Fig. 8. First step of the second test: injection of the SARS-CoV-2 solution.

STEP no. 2: INTRODUCTION OF UNCONTAMINATED WATER BETWEEN SECTIONS2 AND 3

UNCONTAMINATED WATER FLOW
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im/s
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> AIR FLOW DIRECTION
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I UNCONTAMINATED WATER
SARS-COV-2 SOLUTION

Fig. 9. Second step of the second test: introduction of the uncontaminated water between sections 2 and 3.

first demister, transversally encountering the air that was extracted from
the environment via the vacuum pump, and then passed through a
second demister resting on the first (Fig. 12). The first demister retains
the droplets carried by the air flow. When passing through both
demisters, partly thanks to the load loss when moving through these two
elements, the droplets evaporate in the air flow. Compared to the second
test, in this test the tunnel was maintained in horizontal position
(Fig. 12). Fig. 13 is a photograph of the material used to build the two

demisters and a detail of the sealing element. In this case as well, the
tunnel was maintained operational (with air extraction) for the time
needed for the viral solution injected inside to evaporate completely.

2.3. Description of the experimental protocol

To carry out the experimental tests, the protocol shown in Fig. 14 and
described below was followed. Before injecting the solution containing
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Fig. 10. Third step of the second test: vertical positioning of the tunnel.
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Fig. 11. Detail of section “A” implemented in the device for the third test.

SARS-CoV-2, the thermohygrometric conditions of the air in the testing
environment were characterized, namely the temperature and relative
humidity of the air. For this purpose, the IG-N LSI model hygrometer was
used. Table 2 lists the device’s main characteristics.

The velocity of the air flow in the tunnel was measured. For this
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purpose, the LSI Terman model hot wire anemometer was used. Table 3
lists the device’s main characteristics. In the first test, the valve was set
to guarantee an air velocity through the filter media equal to 0.45 m/s a
value higher than the range of values used by Ref. [39]. In the second
and third test, the velocity was 1 m/s. The higher filtration velocity
made it possible to test conditions that are more critical for filtering
efficiency. It is known from the literature that the minimum filtering
efficiency of fibrous air filters decreases when filtration velocity in-
creases [40,41].

The tunnel was then placed in a Faster BH-EN2004 Bio Safety Hood
(located in a P3 laboratory) to ensure no hazardous fluids leaked out into
the surrounding environment. After starting the vacuum pump, the
virus-containing solution was injected into the device’s entry section.
The virus had been previously inactivated, i.e., made unable to replicate
in cell culture, by heating to 56 °C for 30 min. Specifically, in the first
test, the injected volume was a 5 cc solution with a viral concentration
equal to 10® RNA per ml. In the second and third test, the injected
volume was 2.5 cc of solution at the same viral concentration of the first

Fig. 13. The two demisters used in the experimental test.
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AIR
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—  AIRFLOW
====%  SARS-COV-2 SOLUTION FLOW

DEMISTER

Fig. 12. Third test positioning.
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Step 1: Measurement of operational parameters
1.1 Measurement of the temperature and relative humidity of the environmental air
1.2 Measurement of air velocity, 1.e., the air flow created by the pump and adjustment of
the needle valve to obtain the desired velocity (0.45m/s in the first test, 1 m/s in the
second and third)

Step 2: Positioning of the device in the biosafety hood, start-up of the vacuum pump and
injection of the viral solution containing inactivated SARS-CoV-2

Step 3: Execution of the test. Extraction of air from the tunnel maintained until the
injected viral solution has fully evaporated

' Step 4: Disassembly of the device and collection of the filters for analysis ‘

’ Step §: Sterilization of the material ‘

Fig. 14. Block diagram of the protocol applied in the three tests.

Table 2
Main characteristics of the IG-N model thermohygrometer.

Characteristics Value

Sensor type
Temperature range, [°C]
Humidity range, [%]

Thermistor type B
[-10, 120]
[0, 100]

Table 3

Main characteristics of the Terman model hot wire anemometer.
Characteristics Value
Range, [m/s] 0-15
Span, [m/s] 0-1.5
Operative temperature, [°C] [-10, 50]
Accuracy, [%] 3%
Size 195 x 135 x 80 mm
Weight, [kg] 1.125

test.

At the end of the test, all filtering stations were disassembled and the
filters collected. The first inspection was visual and its aim was to
identify any abnormalities in the filtering material. In operational terms,
to avoid contamination when collecting the filters, operations were
started from the filtering station with the absolute filter, which, in terms
of air flow, is immediately upstream of the vacuum pump. Specifically,
this means station 7 in the first test and station 3 in the second and third
tests. The other filters were collected moving upstream. To avoid
contamination, tweezers were sterilized every time before collecting a
filter. The collected filter was placed in a sterile 50 ml Falcon tube,
numbered according to the filtering station in the tunnel (to ensure the
traceability of the samples to analyze).

At the end of the test, to minimize the risk of contagion (despite the
solution contained inactivated SARS-CoV-2), each tunnel section was
soaked in a 70% alcohol solution and placed under UV-C light for 30
min, before being disposed of in compliance with local health laws.

2.4. Polymerase Chain Reaction

To check for the presence of SARS-CoV-2 RNA, each filter underwent
molecular investigation using the Polymerase Chain Reaction (PCR)
method.

The viral target sequences were detected using real-time RT-PCR
(target: N gene), using the reference method recommended by the
Centers for Disease Control and Prevention [42], after extracting the
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nucleic acid with the help of semi-automatic equipment (QIAsymphony
SP/AS instruments, manufactured by QIAGEN, Switzerland). The
detection limit of this molecular method is 10%° copies RNA/ul. Every
amplification test included a positive control (K+), a negative control
(K-) and an extraction process control to prove that the nucleic acid had
been extracted correctly and the extraction reagent was working.

2.5. Terms used

Infection is known to occur via direct and indirect contact. In the first
case, viral transmission occurs directly from the infected subject to the
susceptible subject, e.g. via saliva secretions released when talking,
coughing or sneezing [43-45]. In the second case, contact with
virus-contaminated surfaces is the source of the viral infection [46].
However, there is currently no universally accepted and scientifically
established definition in the technical-scientific literature for the path-
ways of SARS-CoV-2 transmission and infection and, specifically, for the
"droplet", "aerosol" and "airborne" pathways. In this article, as suggested
by Ref. [47], we suggest using the same definitions put forward by those
authors, which leave no room for doubt and distinguish, simply and
clearly, between:

e Airborne transmission, defined as the transport of solid particles in a
fluid suspension in the examined environment, in whatever way they
are carried, so regardless of the carrying speed of the fluid current
and therefore also including the transport of ultra-fine particles (and,
as such, virions as well) subject to brownian motions;

e Droplet transmission, defined as the transport of droplets in the
environment, regardless of how they are carried, including when
they contain insoluble solid particles inside them (such as virions).

3. Results and discussion
3.1. Results of the first test

The temperature and relative humidity of the air in the first test
were, respectively, 21 °C and 35.9%. With regard to Fig. 15, the filtering
stations positive for the virus are shown in red, the negative ones in
green. As the figure shows, only the H14 filter and the absolute filter
were negative. Starting from the tunnel exit and proceeding to the entry
point (i.e., from filtering station 7 to filtering station 1), the first positive
filter was the F8 filter. It is therefore possible to state that the F8 filter in
position 5 blocked the virus from spreading to the stations downstream.
All filters upstream of the F8 filter were positive for SARS-CoV-2. The
results of the test are shown in Table 4.

3.2. Results of the second test

At the end of the second test, in which the temperature and relative
humidity of the air were, respectively, 21 °C and 32.4%, all the filters
and the demister in section A were tested via real-time RT-PCR to check
for the presence of SARS-CoV-2. As described in section 2.2.2, the filters
were soaked to simulate the case that a sufficient number of droplets that
hit the surfaces wet them. As shown in Fig. 17, all filters (i.e., the F8, H14
and absolute filter) were positive for SARS-CoV-2. Table 5 contains a
summary of the results obtained.

3.3. Results of the third test

The temperature and relative humidity of the air in the third test
were, respectively, 22 °C and 39.4%. All filters and the two demisters in
section A (F8 fine filter, H14 filter and absolute filter) were subject to
molecular tests to detect the presence of the SARS-CoV-2 genome.

Fig. 17 shows the stations that were positive for SARS-CoV-2 RNA in
red and the negative stations in green; only the two demisters in the
injection station were positive. The filters downstream of this section (i.
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Figure 15. Graphical representation of the first test’s result. The filtering stations positive for SARS-CoV-2 are shown in red, the negative ones in green. In the first
test, only the H14 filter and the absolute filter were negative for SARS-CoV-2.

Table 4
Summary of the results of the first test.
Slot number Filters SARS-CoV-2
1 Demister DETECTED
2 G4 pleated DETECTED
3 G4 pleated DETECTED
4 100% polyester fiber DETECTED
5 F8 filter DETECTED
6 HEPA filter NOT DETECTED
7 Absolute filter NOT DETECTED
Table 5
Summary of the results of the second test: wet conditions.
Slot number Filters SARS-CoV-2
A Demister DETECTED
1 F8 filter DETECTED
2 HEPA filter DETECTED
3 Absolute filter DETECTED

e., the F8, H14 and absolute filters) were negative for SARS-CoV-2.

A summary of the results is shown in Table 6.

3.4. Discussion on the obtained results

Briefly, the results of the three tests are as follows:

. The first test, as shown in Fig. 15, reveals that the F8 filter was able to

block the spread of the SARS-CoV-2 virus.

. In the second test, the SARS-CoV-2 virus was detected in all stations

downstream of the demister (Fig. 16). In the test, neither the F8 filter
nor the H14 filter was able to block the spread of the SARS-CoV-2
virus.

3. In the third test, the SARS-CoV-2 virus was not detected in any of the
filtering stations (a graphical representation of the results is shown in
Fig. 17). The SARS-CoV-2 was found only in the entry station, i.e., in
the two demisters.

Table 6

Summary of the results of the third test: wet conditions.

Slot number Filters SARS-CoV-2

A Two Demisters DETECTED IN BOTH
1 F8 filter NOT DETECTED

2 HEPA filter NOT DETECTED

3 Absolute filter NOT DETECTED

AIR FLOW

TO THE
PUMP

FEFF SARS-CoV-2 FOUND

Fig. 16. Graphical representation of the second test’s result. The filtering sta-
tions positive for SARS-CoV-2 are shown in red, the negative ones in green. All
filters were positive.

Based on the test results, it can be said that the F8 filter blocks SARS-
CoV-2 propagation if it encounters a flow devoid of liquid phase, i.e., a
biphasic flow that can wet the filtering material. In the first test, the
system allowed the complete evaporation of the solution containing
SARS-CoV-2 before it reached the F8 filter, which blocked the virus from
spreading to the downstream filters. As schematically shown in Fig. 18,
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Fig. 17. Graphical representation of the third test’s result. The filtering stations positive for SARS-CoV-2 are shown in red, the negative ones in green. Only the two

demisters in station A were positive for SARS-CoV-2.

the evaporation of the injected fluid allows the switch from a droplet-
type transmission (i.e., virions in droplets) to an airborne transmission
before the F8 filter. Because SARS-CoV-2 was detected in stations 1-4, it
can be said that the virus came into contact with the filtering material
because it was carried either inside droplets or on dried particles.

As shown in the second test, if the amount of droplets in the flow
hitting the F8 filter (or the F14 filter) were enough to wet it, then both
filter faces (and the downstream one in particular) would be wet and
viral transmission downstream would be possible. Fig. 19 shows how, if
the filtering surface is wet, the SARS-CoV-2 virus propagates and moves
through all 3 filtering stations downstream of the demister.

The third test shows that, if the infected droplets do not move beyond
the section containing the demisters (which can be considered very
coarse filters), the viral load stops there. Specifically, the larger droplets
are blocked by the demister and evaporate; the smaller ones, which
could cross through, evaporate before exiting the demister, as shown in
Fig. 20. In the picture, the black dots are a schematic representation of
the virions that are likely deposited on the demister after the evapora-
tion of the injected liquid.

Although there is no consensus in the literature when describing
what happens to the solid residue and to the viral content when the
droplets evaporate [48], it can be reasonably assumed that the droplets
that dry on the demister leave a solid residue there and, very probably,
viral load. In the third test, as there were no traces of virus in the
downstream filters and, in particular, in the F8 filter, the solid residue
and the viral content were trapped in the demisters in station A.

However, this experimental result must be analyzed considering the
short duration of the experiment and the fact that the solution with
SARS-CoV-2 was injected very rapidly at the beginning of the test. Over
longer periods (i.e., when droplets enter over a more extended time

%':
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interval), it is reasonable to hypothesize that an accumulation of virus-
containing solid residues on the demister fibers may, at some point, lead
to the particles detaching from the demister. In this case, the solid res-
idues could move and hence affect the filtering stations downstream.
However, as shown in the first test, if the air flow does not have a liquid
phase that can wet both sides of the F8 filter, the filter can block the
propagation of dried nuclei, even if, in real life applications, the use of
an H14 filter is recommended.

Lastly, it is important to note one last finding from the third test. The
increase in pressure drop in section A resulting from the presence of the
two demisters had a positive effect on the evaporation of the injected
solution. The total pressure downstream of the station is equal to the
environmental pressure minus the pressure drop in the station. There-
fore, the greater the pressure drop, the lower the total pressure. Lower
pressure is accompanied by an increase in the moisture content in
saturated conditions. Therefore, all other thermohygrometric conditions
being equal, the increase in pressure drops leads to moving away from
saturation conditions, i.e., leads to conditions that favour the complete
evaporation of the infected droplet, as long as the flow of liquid is not
such that saturation conditions are ensured in every section of the
testing tunnel. This occurs because, at the same air flow velocity, the
droplet’s lifetime, i.e., the distance covered before it evaporates
completely, decreases. Therefore, the presence of the demister does not
just block the larger droplets, it also acts by reducing the lifetime of the
smaller droplets, i.e., it creates protection for the more performing air
filters that, if wet, would allow the virus to move downstream.
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Fig. 18. Graphical representation of the first test’s result.
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Fig. 19. Graphical representation of the second test’s result. All the filters were
soaked to simulate a wetted filters’ surfaces.

3.5. Good practices for the design and operation of filtering section in
HVAC system against SARS-CoV-2 propagation

Based on the terms introduced in section 2.5 and the experimental
results, it is possible to provide indications of improving the perfor-
mance of filtration systems installed in HVAC systems against the spread
of the SARS-CoV-2 virus.

The first intervention to be carried out on HVAC systems is installing
a demister section upstream of a high-performance filter. The demister

Building and Environment 210 (2022) 108728

section is cheap and easily installable even in existing systems, where
the available spaces are often minimal. The demister section guarantees
the following benefits: firstly, it blocks the largest droplets that carry, on
average, the greatest number of virions. Secondly, it protects the
downstream filtering section (i.e., the high-efficiency filter) from being
wet, i.e., losing the capacity to block SARS-CoV-2 as demonstrated by
the second test. Thirdly, the demister section causes a pressure drop that
eases the complete evaporation (from droplet to airborne transmission)
before the downstream filter of the smallest droplets that pass through
the demister. As validated in the third test, the complete evaporation of
the smaller droplets minimizes the risk of wetting of the high-
performance filter placed downstream.

The high-performance filter’s installation is critical, especially for
existing HVAC systems where dimensions, pressure drops, costs are
limiting conditions during the selection. According to the experimental
results, the second filtering section should consist of a F8 or a higher
filtering performance filter that, if not wet, prevents the propagation of
SARS-CoV-2. The experimental results can be considered by end-users
selecting the high-efficiency filter based on design and operation re-
quirements. From a technical point of view, installing a H14 instead of a
F8 would be the best choice since the H14 filter would ensure high
filtering efficiency. At the same time, high HVAC system performances
for its correct operation are required.

However, it is not always possible to install a H14 filter, especially in
revamping existing filtering systems. Installing a filter other than the
one for which the HVAC system is designed and certified involves an off-
design if not appropriately counterbalanced with other technical
changes to the system. If not counterbalanced, the control of the air
thermo-hygrometric conditions is negatively impacted. However, also
the thermo-hygrometric conditions control is an essential condition to
minimize the spread of the SARS-CoV-2 virus infection [47,49].

4. Conclusions

The experimental campaign provided useful information for the
running and ex-novo design of air conditioning facilities during the
SARS-CoV-2 pandemic and for potential new pandemic waves spreading
in similar patterns, in particular in terms of the filtering section.

A good practice to adopt, to minimize the propagation of SARS-CoV-
2 in air conditioning systems, is to use a configuration that is typically
found in industrial mechanical facilities, which consist in having a
coarse filter followed by finer filter(s) downstream. Installing only a
high performance filter in the air conditioning facility (such as an H14
filter), does not guarantee that SARS-CoV-2 propagation is blocked, as
shown by the results of test 2, i.e., if the filter surfaces become wet.

A good practice for the design and the operation of the filtering
section of the air conditioning unit must include:

- A coarse filter installed to protect the fine filter downstream.
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Fig. 20. Graphical representation of the third test’s result.
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The purpose of the preliminary coarse filter is to block the movement
of infected droplets before they come into contact with the fine filter or
the absolute filter downstream (and wetting their surfaces), which
makes these filters ineffective in stopping SARS-CoV-2 propagation (as
shown by the results of the second experimental test). As can be deduced
from the third test, while the larger droplets are blocked by the filtering
material, where they deposit and evaporate, leaving a reasonably
infected solid residue, the smaller droplets that are not captured by the
filter evaporate completely in the air before reaching the higher per-
forming filter downstream.

- A filter (fine class, minimum) with the purpose of stopping the mo-
tion of any infected solid nuclei that could be released by the coarse
filter upstream.

As shown in the first test, filters with filtering performance equal to
or greater than the F8 filter block SARS-CoV-2 propagation if they
encounter a flow devoid of liquid phase. Therefore, even if after pro-
longed activity periods, some solid nuclei do detach from the coarse
filter, the fine filter acts as barrier, preventing the release of the SARS-
CoV-2 virus into the environment the conditioned air is pumped into.
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